A technique employing cycloheximide and actinomycin D has been used for the separation of transcription and translation during the induction of nitrate reductase in Neurospora crassa. Nitrate reductase is found to be synthesized in low efficiency when nitrate is not provided during both transcription and translation. Nitrate reductase synthesis is enhanced by nitrate. Nitrate is found to induce nitrate reductase by enhancing the increase of the capacity to synthesize nitrate reductase, and ammonia is found to repress nitrate reductase, by inhibiting the induced increase of the capacity to make the enzyme, or by making it unstable in vivo, or both. The effect of ammonia is partially reversed by nitrate. The addition of ammonium tartrate or the removal of nitrate during translation of the induced capacity to synthesize nitrate reductase is found to result in the inactivation of nitrate reductase in vivo. A low level of nitrate in the medium is found to be sufficient for enhancing the induced increase of the capacity to synthesize nitrate reductase, but a higher level of nitrate is required to stabilize the enzyme after its formation. The induced capacity to synthesize nitrate reductase is relatively stable in the presence or absence of nitrate, but not in the presence of ammonia.
Neurospora crassa mycelia grown with ammonia as the sole nitrogen source do not contain nitrate reductase activity. Transfer of the mycelia to a medium containing nitrate results in the induction of nitrate reductase. Purine-, pyrimidine-, and amino acid-requiring mutants of Neurospora all require their respective supplements for the induction of nitrate reductase (11) , which shows that the synthesis of ribonucleic acid (RNA) and protein are required during the induction of this enzyme. Nitrate and ammonia could exert their effects on transcription, translation, or stability of nitrate reductase during its induction.
The antibiotic cycloheximide is known to inhibit protein synthesis completely but to allow some synthesis of RNA in eukaryotic cells. The type of RNA that accumulates during treatment with cycloheximide is predominantly deoxyribonucleic acid (DNA)-like, is labile in vivo, and is believed to be messenger RNA (mRNA) (3, 6) . In germinating cotton seeds, the capacity for the synthesis of a proteolytic enzyme appears during treatment ' Present address: Department of Botany, University of Michigan, Ann Arbor, Mich. 48104.
with cycloheximide, and actinomycin D blocks this capacity (7). Turner et al. (14) describe the accumulation of mRNA specific for kynureninase when N. crassa is treated with cycloheximide and an a.ppropriate inducer of the en- zyme. The accumulation of mRNA, but not its expression, is sensitive to actinomycin D. Actinomycin D is found to prevent the development of amoebae and the incorporation of 3H-uridine into RNA of whole cells when added at an early stage of morphogenesis in the slime mold Dictyostelium discoideum, but it does not affect the incorporation of "4C-amino acids into protein in this organism (9) .
In the experiments described below, we have attempted to separate transcription and translation during the induction of nitrate reductase in N. crassa by using the antibiotics, cycloheximide and actinomycin D, and have looked at the role of nitrate and ammonia in each individual stage during this induction process.
MATERIALS AND (15) . Mycelial pads were washed with water and subsequently incubated for 7 min in 20 ml of buffer containing 0.5% EDTA, with frequent swirling. The buffer was decanted and the mycelial pads were incubated for an additional 6 min with swirling in fresh EDTAcontaining buffer. The mycelia were finally washed five times with double-distilled water.
Method for the intended separation of transcription and translation. The procedure used in this study is outlined in Table 1 Step III, mycelia were washed thoroughly with icecold water and pressed between folds of filter paper, and each mycelial pad was extracted by grinding with twice its weight of powdered silica with 2 ml of ice-cold 0.1 M potassium phosphate buffer (pH 7.0). The homogenate was centrifuged at 500 x g for 10 min, and the supernatant fluid was used for the enzyme assays.
Enzyme assays. Nitrate reductase was assayed as described earlier (13) . Protein was estimated by using the biuret method (2) . a Ammonia-grown mycelial pads were harvested, treated with EDTA-containing buffer (or not), and preincubated in media containing no nitrogen source in the presence or absence of inhibitors (preincubation medium). They were then transferred to nitrate media with or without the addition of inhibitors (induction medium). After incubation for 2.5 hr, the nitrate reductase activities of the mycelia were determined. reninase in N. crassa. They could employ the lower amount because they exposed the mycelia to EDTA throughout the induction procedure and made them more permeable to actinomycin D. In our studies we find that nitrate reductase is not induced when EDTA is present throughout the induction procedure. Consequently, we have had to give the mycelia a brief treatment with EDTA and then expose them to a high level of actinomycin D to ensure that at least a small fraction of it gets into the cells. The level of actinomycin D that we have used is comparable to that used by Lewis and Fincham (8) in their studies on nitrate reductase in Ustilago maydis. EDTA treatment alone, as described in this study, does not inhibit the capacity of the mycelia to synthesize nitrate reductase ( Table 2) .
Separation of different stages of induction. The procedure used to attempt the separation of transcription from translation during the induction of nitrate reductase is outlined in Table 1 . The mRNA specific for nitrate reductase should accumulate in Step I in the presence of inducer, but translation of this mRNA should not be allowed in this step because of the presence of cycloheximide. In
Step II, the mycelia are preincubated with actinomycin D, and, because of the continued presence of cycloheximide, translation to form protein should not take place. In Step III, only acintomycin D is present, and, even though it should stop the formation of new mRNA, the translation of existing mRNA should occur.
The effect of the nitrogen source on the individual stages of induction of nitrate reductase is shown in Step I
Step
Step III Step I Step (12) . The effect of the presence of ammonia in one or more of the individual steps on the synthesis of nitrate reductase is presented in Table 3 , panel D. The presence of ammonia in Steps I or II is found to cause a large decrease in the synthesis of nitrate reductase. Thus, ammonia acts by inhibiting the increase in the induced capacity to synthesize nitrate reductase, or by making this capacity unstable in vivo, or both. It can be noted that the synthesis of nitrate reductase is less when ammonia is present in Step II than when it is present in Step I. Therefore, it seems probable that ammonia has a greater effect on the stability of the capacity to synthesize nitrate reductase than on the induced increase of this capacity. The presence of ammonia in Step III causes only a slight lowering of nitrate reductase activity. Again, with an increasing time of incubation with ammonia in Step III, there is an increasing loss of nitrate reductase activity. Thus, the data presented in the preceding paper (12) Fig. 2 . There is not much enzyme synthesis up to about 40 min after transfer of mycelia to Step III when the mycelia are recovering from cycloheximide toxicity. Then enzyme activity increases linearly up to about 163 min, after which it is constant. The maximal level of enzyme activity after 163 min of incubation in Step III (Fig. 2) is found to be almost one-fifth of the enzyme synthesized in a normal induction without the use of antibiotics ( Table 2) .
Effect of various concentrations of nitrate and ammonia on the synthesis of nitrate reductase. The effect of various concentrations of nitrate in Steps I or III on the synthesis of nitrate reductase is shown in Table 4 . The presence of nitrate in Step I at one-hundredth of its usual level does not affect significantly the maximal level of nitrate reductase synthesized. But decreasing the nitrate concentration in Step Ill is found to cause a significant reduction in the activity of nitrate reductase.
It can be seen from the results presented in Table 3 that ammonia represses or antagonizes the induced increase in the capacity to synthesize nitrate reductase. The results of an experiment designed to investigate the effect of different nitrate concentrations on the ammonia They were then treated with EDTA-containing buffer and given the Step II treatment for 150 min in nitrogen-free media. They were subsequently transferred to media containing nitrate (20 mM) and actinomycin D (50 jg/ml) ( Step I
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Step I treatment, were preincubated with actinomycin D in medium containing cycloheximide and no nitrogen source in Step II, and were then given the Step m treatment.
nitrate in
Step III (actinomycin D should not interfere with the translation of preformed mRNA). Since actinomycin D is most effective only after the mycelia are preincubated with it, Step II was introduced between the steps controlling transcription and translation.
Like the inducible enzyme systems in bacteria, nitrate appeared to induce the synthesis of nitrate reductase in N. crassa by increasing the capacity to synthesize nitrate reductase (presumeably by enhancing the synthesis of specific mRNA). This capacity to synthesize the enzyme can then be translated in the presence or absence of inducer (Table 3 , panel C). The removal of the inducer, nitrate, or the addition of the corepressor, ammonia, does not merely stop the further synthesis of nitrate reductase, but also results in the disappearance of existing enzyme activity. During the induction of nitrate reductase in N. crassa without the use of antibiotics, the enzyme activity increases from nothing in ammoniagrown mycelia to a high level in the nitrateinduced ones (12, 13) . Such a high efficiency of induction appears to be similar to the induction of inducible enzymes in bacteria and is unlike the induction of enzymes in eukaryotic cells. The results of this paper reveal that the nitrate reductase of Neurospora is synthesized with low efficiency when mycelia are simply transferred from repressing to nonrepressing conditions ( (12) .
The data seem to suggest the following hypothesis. The capacity to synthesize nitrate reductase may be made labile by ammonia; the induced increase of this capacity is regulated antagonistically by nitrate and ammonia, the former acting as an enhancer and the latter as a depressant. The antagonistic action of ammonia and nitrate may operate through an allosteric aporepressor, but the effect on stability would have to be different. There seems to be no evidence that nitrate or ammonia, or both, affect the translation of the induced capacity to make nitrate reductase, but it is apparent that both these molecules control the stability of the enzyme in vivo, possibly by affecting the conformation of nitrate reductase and thus its recognition by a rapidly turningover protease (see reference 12).
In the presence of cycloheximide, the accumulation of the induced capacity to synthesize nitrate reductase continues for about 23 min and stops (Fig. 1) . Once formed, induced capacity to make the nitrate reductase appears to be relatively stable in the presence of actinomycin D for several hours. This stability may be due to the stabilizing effect of actinomycin D in Steps II and Ill, similar to the stabilizing effect of actinomycin D on mRNA in rat liver (4). Our conclusions are therefore drawn with the qualification that acintomycin D could influence the effects of nitrate or ammonia, or both.
